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Cbl-b Is a Negative Regulator of Receptor
Clustering and Raft Aggregation in T Cells
At the molecular level, CD28 costimulation triggers
signaling for two key cellular events: SAPK/JNK and
p38 kinase activation (Su et al., 1994) and asymmetric
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tion of receptors and signal-transducing molecules pro-Summary
vides a unique environment promoting optimal signal
transduction via inclusion and recruitment of activatingStimulation of T cells via the antigen and costimulatory
signaling molecules (Monks et al., 1997, 1998). In T cells,receptors leads to the organization of a supramolecu-
the Rho family GDP/GTP exchange factor Vav1, the Rholar activation cluster called the immune synapse. We
family GTPases Rac1, CDC42, and RhoA, and thereport that loss of the molecular adaptor Cbl-b in T
CDC42-associated Wiscott Aldrich Syndrome proteincells frees antigen receptor–triggered receptor clus-
(WASP) constitute a signaling pathway that links antigentering, lipid raft aggregation, and sustained tyrosine
receptor engagement to cytoskeletal reorganization, re-phosphorylation from the requirement for CD28 co-
ceptor clustering and cap formation, and effective T cellstimulation. Introduction of the cbl-b mutation into a
activation (Snapper et al., 1998). Thus, a key feature ofvav12/2 background relieved the functional defects of
costimulation is not only to provide distinct intracellularvav12/2 T cells and caused spontaneous autoimmunity.
signals but to also induce Vav1 and WASP-regulatedWiscott Aldrich Syndrome protein (WASP) was found
cellular reorganization and assembly of antigen receptorto be essential for deregulated proliferation and mem-
clusters.brane receptor reorganization of cbl-b mutant T cells.
The Cbl (Casitas B cell lymphoma-b) family moleculesAntigen receptor–triggered Ca21 mobilization, cyto-
Cbl-c, Cbl-b, and Cbl-3 are molecular adaptors that havekine production, and receptor clustering can be genet-
been recently identified as part of the ubiquitin ligationically uncoupled in cbl-b mutant T cells. Thus, Cbl-b
machinery involved in the degradation of phosphory-functions as a negative regulator of receptor cluster-
lated proteins (Miyake et al., 1998; Joazeiro et al., 1999;
ing and raft aggregation in T cells.
Levkowitz et al., 1999). Although Cbl-c and Cbl-b share
similar protein domain structure (Keane et al., 1999;
Introduction Lupher et al., 1999), the phenotypes of cbl-c and cbl-b
knockout mice demonstrate that these proteins have
Activation of T cells requires two distinct signals: signal distinct functions. Mutation of cbl-c results in a thymic
one is conveyed through the TCR when it recognizes phenotype but no or relatively mild defects in peripheral
antigen in the context of MHC molecules, and signal T cells (Murphy et al., 1998; Naramura et al., 1998). By
two, a costimulatory signal, is essential for naive T cell contrast, mice bearing a gene-targeted mutation of cbl-b
activation (Chambers and Allison, 1999). Cooperative display normal thymic development, but mature T and
signals from the TCR and the costimulatory molecule B cells of cbl-b2/2 mice hyperproliferate (Bachmaier et
CD28 are essential for T cell activation. When a naive T al., 2000; Chiang et al., 2000). cbl-b2/2 mice develop
cell receives signal one in the absence of signal two, spontaneous autoimmunity, and mutation of Cbl-b un-
induction of anergy or apoptosis may occur (Schwartz, couples T cell proliferation and IL-2 production from the
1990). Regulation of the CD28 costimulatory signal is requirement for CD28 costimulation. Whereas optimal
crucial for T cell activation, tumor immunosurveillance, tyrosine phosphorylation of Vav1 requires TCR and
immunological tolerance, and autoimmunity. CD28 costimulation, Vav1 phosphorylation in cbl-b2/2 T
cells achieved by CD3 stimulation alone is similar to
those of cbl-b1/2 T cells stimulated via CD3 plus CD28§ To whom correspondence should be addressed (e-mail: jpenning@
amgen.com). (Bachmaier et al., 2000; Chiang et al., 2000). These re-
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sults suggested that negative regulation of Vav1 phos- sults do not exclude subtle differences in kinetics and
magnitude of activation.phorylation via Cbl-b could have a role in T cell activa-
To determine whether loss of Cbl-b uncouples antigention. The molecular mechanism and downstream
receptor redistribution from CD28 costimulation, we an-signaling pathways by which loss of Cbl-b allows anti-
alyzed receptor clustering and raft aggregation in cbl-gen receptor–driven T cell activation and autoimmunity
b2/2 T cells. Freshly isolated T cells from wild-type micein the absence of CD28 costimulation are not known.
and cbl-b2/2 mice were incubated with bead-bound anti-We performed genetic complementation experiments
CD3 with or without bead-bound anti-CD28 to induceto define Cbl-b-regulated signaling cascades in T cells.
clustering of the TCR and reorganization of membraneWe show that loss of Cbl-b in T cells frees antigen
rafts. This experimental system has been used pre-receptor–triggered receptor clustering, membrane raft
viously to show that TCR-triggered receptor clusteringaggregation, and sustained tyrosine phosphorylation
and raft redistribution require CD28 costimulation (Violafrom the requirement for CD28 costimulation. Introduc-
et al., 1999). Resting cbl-b1/2 and cbl-b2/2 T cells andtion of the cbl-b mutation into a vav12/2 background
cbl-b1/2 T cells stimulated by anti-CD3e-coated beadsrelieved the functional defects of vav12/2 T cells and
display homogeneous raft distribution on the cell sur-caused spontaneous systemic autoimmunity. Biochemi-
face (data not shown). Redistribution and clustering ofcally, cbl-b2/2vav12/2 T cells display hyperphosphoryla-
cholera toxin–detectable rafts occurs in cbl-b1/2and cbl-tion of Vav2, restored activation of the GTPase CDC42,
b2/2 T cells at the site of CD3 plus CD28 coengagementand receptor clustering, but not restored Ca21 mobiliza-
(Figures 1B and 1C). In cbl-b2/2 T cells, clustering andtion and IL-2 production. Introduction of the cbl-b muta-
redistribution of these lipid rafts at the site of activationtion into wasp2/2 and vav12/2wasp2/2 backgrounds did
occurred in response to CD3 stimulation alone, with nonot restore T cell responses and receptor clustering;
need for CD28 costimulation (Figures 1B and 1C). TCRthat is, WASP is essential for deregulated proliferation
clustering at the T cell:bead contact site was confirmedand membrane receptor reorganization of cbl-b mutant
using anti-TCR immunostaining and showed a patternT cells. These results introduce a novel concept in the
similar to that of the reorganized rafts (data not shown).negative regulation of T cell activation and negative reg-
Cross-linking of antigen receptors leads to asymmet-ulation by molecular adaptors in general—inhibition of
ric assembly of receptor clusters and signaling mole-receptor clustering and raft aggregation in cell mem-
cules on the surfaces of lymphocytes (caps) (Penningerbranes. Our data also show that antigen receptor–
and Crabtree, 1999). To further establish a potential roletriggered Ca21 mobilization, IL-2 production, receptor
of Cbl-b in receptor clustering, cbl-b1/2 and cbl-b2/2 Tclustering, and proliferation can be genetically uncou-
cells were stimulated with Abs to TCR/CD3 and CD28.pled. Regulation of receptor clustering may be a critical
Similar to uncoupling of TCR/CD3 engagement fromcomponent in the development of autoimmunity.
CD28 costimulation for raft aggregation, cbl-b2/2 T cells
were able to cluster their antigen receptors in responseResults
to anti-CD3 cross-linking to the same extent as that
achieved with anti-CD3 plus anti-CD28 coengagement
Loss of Cbl-b in T Cells Uncouples TCR-Mediated
(Figure 1D). Receptor clustering and reorganization of
Receptor Clustering, Raft Aggregation, and
lipid rafts in both cbl-b1/2 and cbl-b2/2 T cells were de-
Sustained Protein Tyrosine Phosphorylation pendent on a functional cytoskeleton, since these
from the Requirement for CD28 Costimulation events could be blocked with the actin polymerization
In genetic knockout experiments and overexpression inhibitor cytochalasin D. It should be noted that unstimu-
studies, Vav1 has been implicated as a regulator of TCR- lated cbl-b2/2 T cells do not spontaneously form TCR/
and CD28-mediated activation of SAPK/JNK, ERK, Ca21 lipid raft caps but require TCR stimulation for this cellular
mobilization, and antigen receptor–triggered reorgani- reorganization. We also analyzed the formation of filo-
zation of the cytoskeleton and receptor clustering podia in activated T cells, another process dependent
(Turner et al., 1997; Fischer et al., 1998; Holsinger et al., on the actin cytoskeleton. Whereas stimulation of both
1998). Thus, negative regulation of Vav1 by Cbl-b could CD3 and CD28 was required to induce filopodia forma-
affect multiple signaling pathways. To determine the role tion in cbl-b1/2 T cells, anti-CD3 stimulation alone of
of Cbl-b in T cell activation, we analyzed downstream cbl-b2/2 T cells triggered filopodia formation to the same
signaling cascades in cbl-b2/2 T cells. No significant extent (Figure 1E) and with the same kinetics (data not
effects on the kinetics or extents of SAPK/JNK activa- shown) as CD3 plus CD28 coengagement in cbl-b2/2 or
tion, MAPK/ERK activation, p38 kinase activation, or cbl-b1/2 T cells. Thus, Cbl-b has no apparent role in
Ca21 mobilization following both anti-CD3 and anti-CD3 the activation of MAPK/ERK, p38, SAPK/JNK, receptor
plus anti-CD28 stimulation were observed in the ab- internalization, or Ca21 mobilization in response to TCR/
sence of Cbl-b (Figure 1A; data not shown). Moreover, CD3 and TCR/CD3 plus CD28 stimulation. However, us-
expression levels of the signaling molecules Vav1, Vav2, ing three different experimental systems, loss of Cbl-b
Slp76, ZAP70, p85, Lck, Nck, PAK, CDC42, Rac1, in T cells uncouples TCR/CD3-mediated receptor clus-
PLCg1, and c-Cbl, surface expression levels and the tering, reorganization of membrane rafts, and efficient
kinetics of induction of CD25, CD69, CTLA4, TCRab, filopodia formation from the requirement for CD28 co-
CD3, CD28, and CD30, as well as TCR internalization and stimulation.
receptor recycling were comparable among cbl-b1/1, As reported previously (Viola et al., 1999), CD28 co-
cbl-b1/2, and cbl-b2/2 T cells in response to TCR/CD3 stimulatory signals induce sustained phosphotyrosine
(pTYR) levels in T cells. To examine the persistence ofand TCR/CD3 plus CD28 stimulation. However, our re-
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Figure 1. Loss of Cbl-b Uncouples Antigen
Receptor Clustering and Raft Redistribution
from CD28 Costimulation
(A) Activation of SAPK and ERK2 in cbl-b1/2
and cbl-b2/2 lymph node T cells. T cells (5 3
106 per lane) were activated with anti-CD3e
(1 mg/ml) plus anti-CD28 (1 mg/ml), and active
SAPK/JNK and ERK2 were detected using
Abs specific for phospho-SAPK or phospho-
ERK. Levels of total SAPK and ERK2 protein
are shown.
(B) Aggregation of cholera toxin–detectable
lipid rafts at the site of antigen receptor stimu-
lation. cbl-b1/2 and cbl-b2/2 T cells were stim-
ulated for 20 min with beads coated with ei-
ther anti-CD3e or anti-CD3e plus anti-CD28.
Left panels, phase contrast images of beads;
right panels, fluorescence microscopy im-
ages of cholera toxin–labeled rafts. Stimula-
tion by beads coated with no Ab or anti-CD28
alone failed to induce raft aggregation. One
representative result out of five is shown.
Magnification, 3320.
(C) Quantitation of raft aggregation. T cells
were stimulated as in (B), and the percent-
ages of raft aggregation by T cells bound to
beads was recorded. At least 200 T cell:bead
conjugates were counted per sample. Mean
percentages (6 SD) of conjugates with raft
aggregation are shown.
(D) Formation of TCR clusters (cap formation).
cbl-b1/2 and cbl-b2/2 T cells were stimulated
with various doses of anti-CD3e in the pres-
ence or absence of anti-CD28. Primary Abs
were cross-linked for 20 min and TCR clus-
ters visualized. Mean percentages (6 SD) of
T cells with TCR clusters among total T cells
are shown. At least 500 T cells were counted
for each sample. TCR clustering was signifi-
cantly different between cbl-b2/2 and cbl-b1/2
T cells at low-dose CD3e stimulation (t test;
p , 0.05).
(E) Filopodia formation. cbl-b1/2 and vav12/2 T cells were stimulated for 20 min with plate-bound anti-CD3e alone (10 mg/ml) or with plate-
bound anti-CD3e (10 mg/ml) plus plate-bound anti-CD28 (10 mg/ml). Filopodia formation was determined using phase contrast microscopy.
Results are shown as mean percentages (6 SD) of T cells forming filopodia among total T cells.
(F) Sustained protein tyrosine phosphorylation. cbl-b1/2 and cbl-b2/2 T cells (2 3 106) were stimulated with anti-CD3- and anti-CD28-coated
beads. After 5 min, 10 mM PP2 was added, and cells were lysed at the times indicated. pTYR was determined by immunoblotting with the
mAb 4G10.
pTYR levels in cbl-b2/2 T cells, cbl-b1/2 and cbl-b2/2 T contribute to enhanced T cell activation in the absence
of Cbl-b.cells were stimulated with beads coated with either anti-
CD3 or anti-CD3 plus anti-CD28 antibodies (Figure 1F).
As reported previously (Viola et al., 1999), pTYR levels Cbl-b Null Mutation Restores Proliferation and In Vivo
T Cell Cytotoxicity but Not IL-2 Productionof CD3-stimulated cbl-b1/2 T cells treated with PP2 de-
creased progressively. pTYR levels were sustained in in vav12/2 T Cells
Our results indicated that Cbl-b was a negative regulatorcbl-b1/2 T cells when a CD28 signal was delivered in
addition to anti-CD3. However, in PP2-treated cbl-b2/2 of the molecular complex that controls antigen receptor
clustering required for cellular proliferation and IL-2 pro-T cells, pTYR levels were sustained following CD3
stimulation alone, and the sustenance of pTYR in CD3- duction. We took advantage of the availability of vav12/2
mice to derive genetic evidence for the central regula-stimulated cbl-b2/2 T cells was comparable to that of
CD3- plus CD28-stimulated cbl-b1/2 and cbl-b2/2 T cells tory role of Cbl-b in antigen receptor clustering. In vav12/2
mice, thymocyte development, TCR-induced cell cycle(Figure 1F). During the time course of activation (up
to 3 hr following stimulation), there was no detectable progression, the activation of immune response genes
such as IL-2, and upregulation of surface activation mol-decrease in protein levels of Vav1, Cbl-c, LAT, or Slp-
76 (data not shown). Thus, although there is no overall ecules such as CD69 and CD25 are all impaired (Turner
et al., 1997; Fischer et al., 1998; Holsinger et al., 1998).increase in pTYR levels in cbl-b2/2 T cells following stim-
ulation (Bachmaier et al., 2000; Chiang et al., 2000), there However, vav12/2 T cells are still able to proliferate in
the presence of high antigen concentration and CD28are sustained levels of pTYR proteins, which most likely
Immunity
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Table 1. Lymphocyte Populations
cbl-b1/1 cbl-b2/2
vav11/1 cbl-b2/2 vav12/2 cbl-b2/2 vav12/2
wasp1/1 vav12/2 cbl-b2/2 vav12/2 wasp2/2 wasp2/2 wasp2/2 wasp2/2
Thymus
Total cell number (3107) 8.3 6 1.5 3.8 6 0.7 7.3 6 1.5 2.0 6 1.0 6.9 6 1.2 1.6 6 0.9 7.2 6 2.3 2.1 6 1.0
% of CD41CD81 T cells 78.1 6 2.1 84.5 6 3.4 77.6 6 4.2 89.9 6 3.1 n/d n/d n/d n/d
% of CD42CD81 T cells 3.2 6 1.2 1.8 6 0.4 3.1 6 0.5 1.8 6 1.0 n/d n/d n/d n/d
% of CD41CD82 T cells 11.6 6 1.8 5.9 6 1.6 10.6 6 2.0 3.5 6 0.9 n/d n/d n/d n/d
Lymph Nodes
Total cell number (3107) 4.2 6 1.0 3.3 6 0.6 4.9 6 0.2 4.8 6 1.1 3.8 6 1.2 3.0 6 1.4 4.5 6 1.2 4.2 6 1.1
% of CD42CD81 T cells 23.6 6 3.2 8.2 6 1.2 22.8 6 2.4 9.1 6 1.7 25.8 6 2.6 6.2 6 2.4 19.1 6 1.2 4.5 6 1.1
% of CD41CD82 T cells 39.6 6 4.6 18.2 6 2.3 36.8 6 3.1 16.3 6 2.6 32.1 6 3.2 12.7 6 1.9 39.1 6 2.3 15.0 6 1.3
% of B2201IgM1 B cells 15.1 6 1.7 30.4 6 3.9 13.2 6 2.6 26.8 6 4.1 18.2 6 2.1 36.2 6 2.6 29.5 6 2.6 48.1 6 2.3
Spleen
Total cell number (3107) 5.1 6 1.2 4.1 6 0.4 3.8 6 0.9 4.9 6 0.7 4.8 6 1.1 4.5 6 2.1 6.8 6 2.1 4.6 6 1.3
% of CD42CD81 T cells 13.3 6 3 2.6 6 0.5 6.8 6 2.0 2.3 6 0.7 11.2 6 1.3 3.2 6 0.9 5.5 6 0.6 1.0 6 .03
% of CD41CD82 T cells 21.3 6 4 7.2 6 1.2 16.2 6 1.7 4.8 6 1.0 17.9 6 1.2 8.1 6 0.6 14.1 6 1.2 6.4 6 .05
% of B2201IgM1 B cells 27.2 6 3.9 50.2 6 2.7 39.8 6 2.9 51.6 6 5.0 40.5 6 3.5 54.3 6 3.6 42.5 6 4.2 45.2 6 3.9
Cells from thymi, peripheral lymph nodes, and spleens from 6-week-old cbl-b1/1 vav11/1 wasp1/1, cbl-b2/2, vav12/2, cbl-b2/2 vav12/2, wasp2/2,
cbl-b2/2 wasp2/2, vav12/2 wasp2/2, and cbl-b2/2 vav12/2 wasp2/2 age-matched mice were stained with antibodies against the indicated proteins.
Populations were determined using a FACScan. Bold values indicate a statistically significant difference in T cell subpopulations as compared to wild-
type mice (Student’s t test; p , 0.05). Values are given as the mean 6 SEM. n/d 5 not determined.
costimulation, and these mutant cells retain the capacity sponse of vav12/2cbl-b2/2 splenocytes was enhanced as
compared to wild-type mice and mirrored the enhancedto form receptor clusters, albeit at much reduced levels.
Thus, a second exchange factor for Rho/Rac1/CDC42 response of cbl-b2/2 single-mutant splenocytes. Thus,
rescue of in vitro proliferation of vav12/2cbl-b2/2 T cellssuch as Vav2 or Vav3 may partially substitute for the
vav1 mutation in T cells. To investigate the influence of related to restored cytotoxic T cell effector functions
following a viral challenge in vivo.Cbl-b on such alternative exchange factors or pathways,
we crossed the cbl-b mutation into a vav12/2 back-
ground. cbl-b2/2vav12/2 Double-Mutant Mice Develop
Spontaneous AutoimmunityIn line with our previous results that Cbl-b has no
apparent role in thymocyte development (Bachmaier et As they age, cbl-b2/2 single-mutant mice develop spon-
taneous autoimmunity (Bachmaier et al., 2000). Thus, weal., 2000), loss of Cbl-b did not rescue thymocyte devel-
opment nor restore peripheral T cell populations in determined whether vav12/2cbl-b2/2 mice also develop
spontaneous autoimmunity. All old (.6 months of age,cbl-b2/2vav12/2 double-mutant mice, i.e., cbl-b2/2vav12/2
mice have the same T and B cell phenotypes as vav12/2 n 5 30) cbl-b2/2vav12/2 double-mutant mice display an
autoimmune disorder characterized by lymphoid neoor-mice (Table 1; data not shown). Intriguingly, the cbl-b
mutation did rescue the defect in proliferation of periph- ganogenesis (Figure 3A) and the infiltration of mononu-
clear cells into the thyroid gland (Figure 3B), kidneyeral vav12/2 T cells stimulated by TCR/CD3 (Figure 2A)
or by TCR/CD3 plus CD28 coengagement (Figure 2B). (Figure 3C), lung (Figure 3D), liver (Figure 3E), intestine
(Figure 3F), submandibular salivary gland (Figure 3G),However, despite normal proliferation, TCR/CD3 and
CD28 stimulation of cbl-b2/2vav12/2 T cells did not induce sublingual salivary gland (Figure 3H), and other tissues
(data not shown). The T and B cell infiltrates were poly-IL-2 production above background levels (Figure 2C,
left panel). In addition, while antigen receptor stimulation clonal, and inflammation was accompanied by paren-
chymal damage. Moreover, these mice displayed auto-of cbl-b2/2vav12/2 T cells induced expression of the acti-
vation marker CD69, membrane expression of CD25 re- antibodies to dsDNA and immunoglobulin deposits in
glomeruli (data not shown). No infiltration could be de-mained at background levels (data not shown). Thus,
whereas Vav1 expression is essential for the production tected in any organ of vav12/2 littermates of the same
age (n 5 25). Seventy-five percent of cbl-b2/2vav12/2of the T cell cytokine IL-2 and induction of the high-
affinity IL-2R in response to antigen receptor stimula- mice succumbed to death at 7–9 months of age, proba-
bly due to the severe inflammatory bowel disease (n 5tion, loss of Cbl-b can bypass the requirement for Vav1
expression in antigen receptor–triggered T cell prolifer- 30). Lymph node T cells from diseased cbl-b2/2vav12/2
mice displayed an activated phenotype (CD691,ation.
To address whether the rescue of proliferation in LFA1high, CD44high). Activated lymph node T cells isolated
from diseased cbl-b2/2vav12/2 mice still did not makevav12/2cbl-b2/2 T cells reflects a rescue in functional T
cell activation in vivo, we infected the mice with the significant levels of IL-2, even after restimulation in vitro
with anti-CD3/CD28 (Figure 2C, right panel). It shouldlymphocytic choriomeningitis virus (LCMV) to assess
the function of cytotoxic T cells (CTLs). Whereas antiviral be noted that T cells can proliferate in the absence of
IL-2 and that loss of IL-2 or the IL-2Rb chain contributesCTL functions were reduced in vav12/2 mice following
viral infection, antiviral cytotoxicity was rescued in to the pathogenesis to autoimmunity (Suzuki et al., 1995;
Willerford et al., 1995). Thus, the development of sponta-vav12/2cbl-b2/2 mice (Figure 2D). In fact, the CTL re-
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Figure 2. Mutation of cbl-b Restores Prolif-
eration and In Vivo Immune Responses in
vav12/2 T Cells
(A and B) T cell proliferation. Lymph node T
cells (1 3 105) were stimulated with (A) anti-
CD3e alone (5 mg/ml) or (B) a fixed concentra-
tion of anti-CD3e (2 mg/ml) plus various doses
of anti-CD28 Abs. After 48 hr stimulation, pro-
liferation was determined by [3H]thymidine
uptake. Stimulation with PMA plus Ca21 iono-
phore is shown to demonstrate that the de-
fect in vav12/2 T cells is proximal to the TCR.
Since the total and relative numbers of ma-
ture CD41 and CD81 T cells in vav12/2 and
cbl-b2/2vav12/2 mice are half those in cbl-b1/2
vav11/2 and cbl-b1/2vav12/2 mice, T cells were
purified prior to stimulation. Purity of CD31 T
cells was .98% as determined by immuno-
fluorescence. One result of a triplicate culture
(6 SD) representative of five experiments is
shown. Proliferation was significantly differ-
ent between cbl-b2/2vav12/2 and cbl-b1/2
vav12/2 T cells at all doses (t test; p , 0.05).
(C) IL-2 production. Left panel, lymph node T
cells (1 3 105 per well) from young (6-week-
old) cbl-b1/2vav11/2, cbl-b1/2vav12/2, cbl-b2/2
vav11/2, and cbl-b2/2vav12/2 mice were stimu-
lated as in (A) and (B); right panel, IL-2 pro-
duction of lymph node T cells isolated from
old (8-month-old) cbl-b1/2vav11/2 and cbl-
b1/2vav12/2 mice and diseased cbl-b2/2vav12/2
mice, reactivated in vitro with anti-CD3 plus
anti-CD28. After 24 hr stimulation, IL-2 pro-
duction was determined by ELISA. One result
of a triplicate culture (mean 6 SD) representa-
tive of five different experiments is shown.
(D) Primary anti-LCMV-specific cytotoxic T
cell responses. After 8 days following initial
LCMV infections, primary cytotoxicity of
spleen cells from cbl-b1/2vav11/2, cbl-b1/2
vav12/2, cbl-b2/2vav11/2, and cbl-b2/2vav12/2
mice was determined using EL4 target cells
pulsed with the LCMV-specific peptide p33
or pulsed with the control peptide AV. Per-
centage-specific lysis is shown on the y axis.
Effector:target ratios are shown on the x axis.
neous autoimmunity in cbl-b2/2 and cbl-b2/2vav12/2 mice observed in vav12/2 T cells (Figure 4B). By contrast,
induction of the transcription factors c-Jun and Fli-1is likely due to deregulated lymphocyte proliferation.
was restored to normal in cbl-b2/2vav12/2 T cells (Figure
4B). Thus, removal of Cbl-b in vav12/2 T cells uncouples
Vav1 Is Crucial for Ca21 Mobilization
TCR-triggered proliferation and c-Jun and Fli-1 trans-
and NFATc1 Transactivation
activation from Ca21 mobilization, NFATc1 transactiva-
What is the molecular mechanism underlying the re-
tion, CD25 expression, and IL-2 production.
stored T cell proliferation and antiviral effector activities
and spontaneous autoimmunity in cbl-b2/2vav12/2 mice?
Biochemically, vav12/2 T cells exhibit reduced transacti- Loss of Cbl-b Restores Receptor Clustering
and CDC42 Activation in vav12/2 T Cellsvation of the transcription factors c-Jun, Fli-1, and
NFATc1, impaired Ca21 mobilization, and defective anti- Since loss of Cbl-b in T cells uncouples TCR/CD3-medi-
ated receptor clustering, reorganization of membranegen receptor clustering in response to TCR/CD28 stimu-
lation (Turner et al., 1997; Fischer et al., 1998; Holsinger rafts and efficient filopodia formation from the require-
ment for CD28 costimulation (Figure 1), we analyzedet al., 1998). To elucidate which of the signaling path-
ways in vav12/2 T cells are restored in cbl-b2/2vav12/2 T whether these cellular processes are restored in cbl-
b2/2vav12/2 T cells. Loss of Cbl-b restores receptor clus-cells, we analyzed transactivation of transcription fac-
tors, Ca21 mobilization, and antigen receptor clustering tering (Figures 4C and 4D) and filopodia formation (Fig-
ure 4E) in response to antigen receptor and CD28 stimu-in response to TCR/CD28 stimulation. The cbl-b muta-
tion could not rescue the defect in Ca21 mobilization lation. Moreover, whereas Vav1 expression was found to
be of critical importance for raft aggregation in response(Figure 4A) nor significantly restore impaired transacti-
vation of the Ca21-regulated transcription factor NFATc1 to anti-CD3/anti-CD28-coated beads, aggregation of
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compensate for the loss of Vav1. These genetic results
indicate that two Vav1-regulated pathways are opera-
tional in T cells. The first pathway is Vav1-regulated Ca21
flux, transactivation of the Ca21-regulated transcription
factor NFATc1, and induction of CD25 and IL-2. The
second pathway is Vav1-regulated activation of the
GTPase CDC42 and clustering of antigen receptors and
rafts. Loss of Cbl-b in vav12/2 T cells only restores TCR-
induced receptor clustering.
Vav1 and WASP Are Essential for T Cell Activation
Besides negative regulation of Vav1 and Vav1-related
GEFs, it was possible that loss of Cbl-b controled recep-
tor clustering via a parallel pathway, e.g., movement of
receptors and rafts in the membrane or regulation of
PKC isoforms, which allowed asymmetric receptor clus-
tering independent of Vav1-Rho family GTPases. Similar
to vav12/2 T cells, loss of WASP in mice leads to impaired
proliferation and reduced IL-2 production of peripheral
T cells (Snapper et al., 1998). wasp2/2 T cells display
defective antigen receptor clustering following antigen
receptor stimulation. Antigen receptor– and CD28-medi-
ated activation of ERK1/ERK2 and SAPKs/JNKs as well
as Ca21 mobilization are normal in wasp2/2 T cells (Snap-
per et al., 1998; Zhang et al., 1999). Moreover, WASP
associates with activated CDC42, and WASP-regulated
cytoskeletal changes require binding of WASP to the
active form of CDC42 (Kim et al., 2000). Thus, in T cells,
the Rho family GDP/GTP exchange factor Vav1, the Rho
family GTPases Rac1, CDC42, and RhoA, and the
CDC42-associated WASP constitute a signaling path-
way that links antigen receptor engagement to receptor
clustering and effective T cell activation.
In both vav12/2 and wasp2/2 single-mutant T cells, re-
sidual T cell proliferation and antigen receptor clustering
can be observed (Snapper et al., 1998), suggesting that
other exchange factors such as Vav2 and WASP-related
molecules such as WAVE or N-WASP can partially com-
pensate for the loss of Vav1 and WASP, respectively.Figure 3. Development of Spontaneous Autoimmunity in cbl-b2/2
Thus, in addition to the two genetically defined Vav1-reg-vav12/2 Mice
ulated signaling cascades (Vav1 ! Ca21 ! NFATc1 !Histological cross sections of various organs of an 8-month-old cbl-
CD25/IL-2 and Vav1 [as well as other GEFs] ! Rhob2/2vav12/2 mouse showing (A) lymphoid neoorganogenesis and (B
through H) the infiltration of mononuclear cells into the (B) thyroid family GTPases ! WASP ! receptor clustering), Vav1/
gland, (C) kidney, (D) lung, (E) liver, (F) intestine, (G) submandibular WASP-independent signaling pathways might be able
salivary gland, and (H) sublingual salivary gland. Magnification, 310 to compensate for the loss of Vav1 or WASP. To test
(A); 320 (B); 340 (C and F); and 380 (D, E, G, and H). H&E stainings. this, we generated vav12/2 wasp2/2 double-mutant mice.
Lymphocyte development and mature peripheral T and
B cells of vav12/2 wasp2/2 double-mutant mice pheno-
lipid rafts was restored to normal in cbl-b2/2vav12/2 T typically resemble T and B cells in vav12/2 single-mutant
cells (Figure 4F). Reorganization of the cytoskeleton was mice (Table 1). Loss of both Vav1 and WASP abrogated
confirmed using anti-actin and phalloidin staining (data T cell proliferation (Figure 5A) and IL-2 production (data
not shown). Importantly, whereas CD3/CD28-mediated not shown) in response to TCR/CD3 and TCR/CD3 plus
induction of active, GTP-bound CDC42 was significantly CD28. This proliferation defect was not due to an intrin-
reduced in vav12/2 T cells, it was restored in cbl-b2/2 sic defect of T cell proliferation, since these cells re-
vav12/2 T cells (Figure 4G). These results show that, spond normally to phorbol ester (PMA) and Ca21 iono-
although Vav1 is a principal exchange factor for Rho phore. Thus, whereas partial functional redundancy
family GTPases in T cells, another Rho family exchange exists in the usage of exchange factors and WASP-
factor can substitute for the loss of Vav1 and restore family molecules, Vav1 plus WASP are essential media-
CDC42 activation in a cbl-b2/2 background. We ob- tors of T cell proliferation following antigen receptor and
served hyperphosphorylation of the Rac1/CDC42 ex- CD28 stimulation.
change factor Vav2 in cbl-b2/2 T cells following stimula-
tion with anti-CD3 alone (Figure 4H). Importantly, Vav2 Loss of Cbl-b Cannot Complement Mutation of wasp
hyperphosphorylation was also observed in cbl-b2/2 If Cbl-b were acting strongly on a parallel dominant
pathway to the Vav1/WASP pathway, we would expectvav12/2 T cells (Figure 4H), suggesting that Vav2 can
Figure 4. Mutation of cbl-b Restores Receptor Clustering, Filopodia Formation, Raft Aggregation, Vav2 Phosphorylation, and CDC42 Activation
in vav12/2 T Cells
(A) Ca21 mobilization. INDO-1-loaded T cells from cbl-b1/2vav11/2, cbl-b1/2vav12/2, cbl-b2/2vav11/2, and cbl-b2/2vav12/2 littermates were stimu-
lated with anti-CD3e, and Ca21 flux was monitored by FACS. X axis, real- time Ca21 release followed for 180 s; y axis, intensity of increase of
intracellular Ca21 concentration. Arrowheads indicate time of anti-CD3e addition. One result representative of three experiments is shown.
CD28 stimulation alone did not induce Ca21 flux.
(B) Western blot analysis of transcription factor transactivation. T cells (5 3 106) from cbl-b1/2vav11/2, cbl-b1/2vav12/2, cbl-b2/2vav11/2, and
cbl-b2/2vav12/2 littermates were cultured for 24 hr with soluble anti-CD3e (2 mg/ml). Total cell lysates (10 mg) were separated by SDS-PAGE
and immunoblotted with the indicated Abs.
(C) Antigen receptor clustering (cap formation) on cbl-b1/2vav11/2, cbl-b1/2vav12/2, cbl-b2/2vav11/2, and cbl-b2/2vav12/2 lymph node T cells. T
cells were incubated with anti-CD3e (1 mg/ml), and the primary Ab was cross-linked using biotinylated goat anti-hamster IgG at 378C for 30
min. CD3 surface expression was visualized as described in Experimental Procedures. Magnification: 3320.
(D) Quantitation of TCR clustering (cap formation). T cells were stimulated as in (C). Mean percentages (6 SD) of T cells showing caps are
shown. At least 500 cells were counted for each sample, using fluorescence microscopy.
(E) Filopodia formation. cbl-b1/2vav12/2 and cbl-b2/2vav12/2 T cells were stimulated for 20 min with plate-bound anti-CD3e alone (10 mg/ml) or
with plate-bound anti-CD3e (10 mg/ml) plus plate-bound anti-CD28 (10 mg/ml). Filopodia formation was determined using phase contrast
microscopy. Results are shown as mean percentages (6 SD) of T cells forming filopodia among total T cells. Filopodia formation was
significantly different between cbl-b1/2vav12/2 and cbl-b2/2vav12/2 T cells (t test; p , 0.01).
(F) Quantitation of raft aggregation. T cells were stimulated with anti-CD3- and anti-CD28-coated beads as in Figure 1B, and percentages
of raft aggregation by T cells bound to beads were recorded. Raft aggregation was detected using cholera toxin. At least 200 T cell:bead
conjugates were counted per sample. Data are shown as mean percentages (6 SD) of conjugates showing raft aggregation.
(G) CDC42 activation. Purified T cells (1 3 107) from cbl-b1/2vav11/2, cbl-b1/2vav12/2, and cbl-b2/2vav12/2 littermates were left untreated or
activated with anti-CD3e (10 mg/ml) and anti-CD28 (10 mg/ml). After 3 min, T cells were lysed, and CDC42 activation was detected by pulldown
with GST-PAK. Protein complexes were separated by SDS-PAGE, and binding of active GTP-bound CDC42 to GST-PAK was visualized using
anti-CDC42.
(H) Vav2 phosphorylation. T cells from cbl-b1/2 and cbl-b2/2 mice were left unstimulated or stimulated for 3 min with anti-CD3 alone or anti-
CD3 plus anti-CD28 as in Figure 1A. Vav2 was immunoprecipitated, and tyrosine phosphorylation (pTYR) and total Vav2 protein levels were
determined by Western blotting.
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Figure 5. Loss of Cbl-b Does Not Restore
Proliferation of wasp2/2 or wasp2/2vav12/2 T
Cells
(A and B) T cell proliferation. Purified T cells
(1 3 105 per well) were isolated from wild type
(WT), vav12/2, wasp2/2, and vav12/2wasp2/2,
cbl-b2/2wasp12/2, cbl-b1/2wasp2/2, and cbl-
b2/2vav12/2wasp2/2 mice and stimulated with
anti-CD3e alone (1 mg/ml) or anti-CD3e (1 mg/
ml) plus anti-CD28 Abs (1 mg/ml). After 24 hr
stimulation, proliferation was determined by
[3H]thymidine uptake. PMA (80 ng/ml) and
Ca21 ionophore (100 ng/ml) stimulation is
shown to demonstrate that the defect in
vav12/2 T cells is proximal to the TCR. One
result of a triplicate culture (6 SD) representa-
tive of five different experiments is shown.
(C) IL-2 production. Lymph node T cells (1 3
105 per well) from cbl-b2/2, wasp2/2, and two
different cbl-b2/2wasp2/2 littermate mice were
stimulated as in (A). After 24 hr stimulation,
IL-2 levels were determined by ELISA. One
result of a triplicate culture (6 SD) representa-
tive of three different experiments is shown.
(D) TCR cap formation. Wild type (WT),
cbl-b2/2, wasp2/2, and cbl-b2/2wasp2/2 T cells
were incubated with 1 mg/ml anti-CD3e and
cross-linking Ab as in Figure 4C. Data are
shown as mean percentages (6 SD) of T cells
with TCR clusters among total T cells. At least
500 T cells were counted for each sample
using fluorescence microscopy.
to see functional rescue in the wasp2/2cbl-b2/2 or the no consequences unless the CDC42 effector WASP is
present.cbl-b2/2vav12/2wasp2/2 T cells. Thus, we introduced the
cbl-b mutation into wasp2/2 and vav12/2wasp2/2 double-
mutant mice. Lymphocyte development, peripheral
populations of T and B cells, and surface expression Discussion
levels of antigen receptors, costimulatory molecules, or
activation markers were comparable between wasp2/2 Two pathways downstream of CD28 have been impli-
cated in CD28-mediated costimulation: the activation ofand wasp2/2cbl-b2/2 mice. Peripheral T cells of vav12/2
wasp2/2cbl-b2/2 mice phenotypically resembled vav12/2 SAPK/JNKs and the formation of supramolecular recep-
tor clusters (Su et al., 1994; Monks et al., 1998; Wulfingand vav12/2cbl-b2/2 T cells (Table 1; data not shown).
Whereas loss of Cbl-b restored proliferation of vav12/2 and Davis, 1998; Grakoui et al., 1999; Viola et al., 1999).
Our results indicate that Cbl-b is an inhibitor of receptorT cells to normal (Figure 2), mutation of cbl-b could
not restore proliferation (Figure 5B) and IL-2 production clustering that couples raft aggregation, antigen recep-
tor clustering, and sustained tyrosine phosphorylation(Figure 5C) in wasp2/2 T cells upon TCR/CD3 stimulation
and TCR/CD3 plus CD28 costimulation. The severe pro- to CD28 costimulation. Generation of cbl-b2/2vav12/2,
cbl-b2/2wasp2/2, and cbl-b2/2vav12/2wasp2/2 mice con-liferation block of vav12/2wasp2/2 T cells could also not
be restored after introduction of the cbl-b mutation (Fig- firmed the key role of Cbl-b in receptor clustering and
proliferation. Loss of Cbl-b does not rescue Ca21 fluxure 5B). Importantly, loss of Cbl-b in a wasp2/2 back-
ground did not restore the defect in antigen receptor but restores receptor clustering and raft aggregation
in the cbl-b2/2vav12/2 T cells. Since proliferation andclustering observed in wasp2/2 single-mutant mice (Fig-
ure 5D). Our data do not rule out that Cbl-b negatively antiviral reactivity of cbl-b2/2vav12/2 T cells are restored
to wild-type levels, the primary defect resulting in im-regulates other signaling pathways. However, our re-
sults show that WASP is essential for deregulated prolif- paired T cell activation in vav12/2 T cells is the failure to
form receptor clusters. Accordingly, the developmenteration of cbl-b mutant T cells. Thus, negative regulation
of proliferation by Cbl-b acts upstream of WASP, and of autoimmunity in cbl-b2/2 and cbl-b2/2vav12/2 mice
suggests that in vivo immunotolerance of T cells is con-deregulated Vav1 activity in the absence of Cbl-b has
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pathway for receptor clustering and proliferation. The
segregation of signaling molecules in the immune syn-
apse may contribute to the sustained protein tyrosine
phosphorylation seen in cbl-b2/2 T cells in the absence
of costimulation, e.g., via segregation of phosphorylated
substrates from phosphatases (Shaw and Dustin, 1997;
Grakoui et al., 1999). Although activation-dependent
depletion of Vav1, Vav2, Cbl-c, or LAT proteins was not
observed in either cbl-b1/2 or cbl-b2/2 T cells, we cannot
rule out that the reduction of tyrosine phosphorylation
is due to Cbl-b-regulated ubiquitination and degradation
of defined signaling molecules. Costimulation via CD28
and/or other costimulatory surface receptors either in-
hibits Cbl-b suppression and/or initiates an additional
positive signaling pathway to trigger full Vav1 activation
required for receptor clustering and proliferation. In ad-
dition, Cbl-b could also set the threshold for antigen
receptor signaling.
Cbl-b participates in the suppressive mechanisms
that do not allow full T cell activation via TCR signalingFigure 6. Schematic Pathways of Cbl-b-Regulated Vav1/WASP Sig-
naling in T Cells alone unless costimulatory signals are delivered along
with antigen stimulation. Engagement of CD28 overridesFor discussion see text.
negative regulation by Cbl-b and allows T cells to prolif-
erate and make cytokines. In the absence of Cbl-b, TCR
signaling is enhanced, and receptor clustering occurstrolled via signaling pathways that regulate receptor
irrespective of CD28 signaling, via deregulated activa-clustering.
tion of the Vav1/WASP pathway. Our data thus provideGenetically, two distinct Vav1-regulated signaling
a direct link between suppression of inducible signalingpathways can be distinguished (Figure 6): (1) Vav1 is
events, uncoupling of activation from costimulation, an-crucial for Ca21 mobilization and transactivation of the
tigen receptor clustering, and the development of auto-Ca21-regulated transcription factor NFATc1 following
immunity. These results also introduce a novel conceptTCR ligation, and (2) combined TCR and CD28 coligation
in the negative regulation of T cell activation and nega-enhances Vav1 activity, resulting in Vav1-mediated cy-
tive regulation by molecular adaptors in general—thetoskeletal reorganization events via the CDC42/WASP
inhibition of receptor clustering.pathway. In the absence of Cbl-b, other GEFs such as
Vav2 can compensate for Vav1-regulated cytoskeletal
Experimental Proceduresreorganization and proliferation but not for Vav1-medi-
ated Ca21 mobilization and transactivation of the Ca21- Mice
regulated transcription factor NFATc1. Ca21 mobiliza- cbl-b2/2, vav12/2, and wasp2/2 mice have been described. Mice were
genotyped by PCR and Southern blotting and absence of proteinstion does not appear to be under the control of either
confirmed via Western blotting with Abs specific to Cbl-b (SantaCbl-b or WASP, as neither single-mutants show defects
Cruz), Vav1 (Santa Cruz), and WASP (kind gifts of K. Siminovitch(Snapper et al., 1998; Bachmaier et al., 2000; Chiang et
and A. Abo). If not otherwise stated, only 6- to 8-week-old littermateal., 2000), and the Cbl-b null mutation failed to rescue
mice were used in all experiments in which the phenotype and
Ca21 flux in vav12/2 T cells. Cbl-b-controlled negative activation status of T cells was similar to that of their cbl-b1/2 and
regulation of receptor clustering and proliferation acts cbl-b1/1 littermates. All mice were housed according to institutional
guidelines.upstream of the CDC42-effector WASP. Our genetic
data also predict that a T cell must receive both a Ca21-
Signalingmediated signal and a WASP-mediated cytoskeletal sig-
T cells were activated with PBS alone, hamster anti-CD3e (clonenal in order to induce detectable IL-2 production. These
145-2C11, PharMingen), or hamster anti-CD3e (clone 145-2C11) plus
two Vav1-regulated signaling pathways might involve hamster anti-CD28 (clone 37.51, PharMingen) at 378C. Vav2 was
different GTPases with defined substrate specificity immunoprecipitated (gift of J. Brugge, Boston), and Vav2 tyrosine
phosphorylation was analyzed by Western blotting using the phos-and/or different scaffolds. We favor the hypothesis that
photyrosine-specific mAb 4G10 (PharMingen). Activation of SAPK/two different Vav1-regulated signaling complexes are
JNKs, p38, and ERKs was detected using mAbs specific for phos-assembled downstream of the antigen receptor—one
pho-SAPK/JNK, phospho-p38, or phospho-ERK (New England Bio-that regulates Ca21 flux and a second complex that
labs). The levels of SAPK/JNK, p38, and ERK proteins were deter-
controls receptor clustering and proliferation. Intrigu- mined by immunoblotting. In vitro SAPK/JNK and ERK kinase assays
ingly, loss of Cbl-b only affects formation of supramolec- were performed using GST-c-Jun or myelin basic protein (MBP) as
in vitro substrates for SAPK/JNK and MAPK (ERK1/ERK2), respec-ular antigen receptor clusters.
tively. For sustained protein tyrosine phosphorylation, cbl-b1/2 andIn cbl-b2/2 T cells, TCR/CD3 stimulation alone can
cbl-b2/2 T cells were stimulated for 5 min with anti-CD3 and anti-activate receptor clustering in the absence of CD28 co-
CD3 plus anti-CD28-coated beads (see below). Following stimula-stimulation, and cbl-b2/2cd282/2 T cells display normal
tion, cells were lysed in 1% NP40 lysis buffer following treatment
proliferation and IL-2 production (Bachmaier et al., 2000; with the Src-kinase blocker PP2 (10 mM) (CALBIOCHEM) (Viola et
Chiang et al., 2000). It appears that Cbl-b actively sup- al., 1999). Lysates were analyzed for pTYR proteins by Western
blotting using 4G10. Levels of Vav1, Cbl-c, Slp-76, p85, ZAP70,presses TCR/CD3-induced activation of the Vav1/WASP
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PLCg1, p56lck, Rac1, CDC42, Nck, PAK, Cbl-c, Cbl-b, and LAT were RED670 (GIBCO-BRL). All samples were analyzed using a FACScan
(Becton-Dickinson).detected by Western blotting as described (Bachmaier et al., 2000).
Induction of Transcription Factors and Ca21 MobilizationReceptor Clustering and Raft Aggregation
For induction of NFATc1, c-Jun, and Fli-1, lymph node T cells wereReceptor clustering and lipid raft aggregation by beads have been
stimulated with soluble anti-CD3e or with soluble anti-CD3e plusdescribed (Viola et al., 1999). Beads (polystyrene latex micro-
soluble anti-CD28. Protein levels were determined after 24 hr stimu-spheres, Polysciences) (5 mm) were coated with anti-CD3e alone
lation by immunoblotting, using specific Abs to NFATc1, c-Jun, and(10 mg/ml, clone 145-2C11), anti-CD28 alone (10 mg/ml, clone 37.51),
Fli-1 (New England Biolabs). For detection of cytosolic Ca21, 5 3or anti-CD3e (10 mg/ml) plus anti-CD28 (10 mg/ml). Purified lymph
106 freshly isolated lymph node T cells were loaded with 3 mMnode T cells (5 3 105) were incubated with 5 3 105 coated beads
INDO-1 (Molecular Probes) in IMDM. After loading, cells were incu-for various time periods at 378C. T cell–bead complexes were trans-
bated with anti-CD3e for 20 min at 48C. Cells were washed, andferred to glass slides and treated with 4% paraformaldehyde to
anti-CD3e molecules were cross-linked using goat anti-hamster IgGvisualize the cytoskeleton and raft distribution. Rafts were consid-
(Jackson Laboratories) at various concentrations. Cells were stimu-ered clustered if they occupied half or less of the cell surface, proxi-
lated with a titration series of each Ab to determine optimal condi-mal to the bead. Cross-linking of primary anti-CD3e Abs at high
tions. Cytosolic Ca21 flux was recorded in real time using a FACS-concentration leads to TCR clustering and actin changes in the
Vantage.absence of CD28 coengagement. At low doses of anti-CD3e (0.001
mg/ml), optimal clustering requires coengagement with anti-CD28.
CDC42 ActivationLymph node T cells were incubated with various concentrations of
GTP-bound CDC42 was detected using GST-PAK pulldown experi-anti-CD3e (clone 145-2C11) in the presence or absence of anti-CD28
ments. GST-PAK contains only the PAK site that binds to active(clone 37.51) for 30 min at 48C. Cells were then washed and primary
GTP-bound CDC42 (Geijsen et al., 1999). Purified T cells (1 3 107)Abs cross-linked by incubating with biotinylated goat anti-hamster
were rested for 2 hr in IMDM plus 0.1% BSA, followed by activationAbs for 10, 15, 20, or 30 min at 48C or 378C. Receptor capping
for 3 min with soluble anti-CD3e plus anti-CD28 Abs. Cells werewas terminated by the addition of 0.2% sodium azide. Cells were
washed in ice-cold PBS containing 1 mM MgCl2 and 0.5 mM CaCl2transferred onto slides using a cytospin. In all assays, TCR/CD3
and lysed in 50 mM Tris-HCL (pH 7.4), 10 mM MgCl2, 1% NP-40, 10%clustering was visualized using FITC-labeled streptavidin and fluo-
glycerol, 100 mM NaCl, 100 mM Na3VO4, 1 mg/ml leupeptin, 1 mg/mlrescence microscopy (Fischer et al., 1998). Cells were considered
aprotonin, and 1 mM benzamidine. Lysates were incubated withto have clustered receptors if the staining pattern was crescent
GST-PAK (kind gift of J. Collard) as described (Geijsen et al., 1999).shaped, i.e., receptors polarized to one side of the cell. Receptor
Immunocomplexes were separated by SDS-PAGE and CDC42 visu-clustering was confirmed by staining with FITC-labeled anti-actin
alized using anti-CDC42 Ab (Santa Cruz). Levels of CDC42 expres-Ab (Sigma). Actin polymerization was visualized by staining with
sion were determined in each experiment using anti-CDC42 Ab.phalloidin (Sigma). Distribution of rafts was visualized using FITC-
labeled cholera toxin (Sigma), which binds to GM1 glycosphingolipid
Acknowledgmentsin the rafts. For filopodia formation, T cells were stimulated with
plate-bound anti-CD3e alone (10 mg/ml) or with plate-bound anti-
We thank Y.-Y. Kong, J. Sasaki, M. Crackower, N. Joza, E. Griffith,CD3e (10 mg/ml) plus anti-CD28 (10 mg/ml). Filopodia formation was
K.-D. Fischer, L. Zhang, A. Oliveira-dos-Santos, M. Cheng, and T. W.determined by phase contrast microscopy and actin staining. The
Mak for comments, and M. Saunders for scientific editing. We areactin polymerization inhibitor cytochalasin D (Sigma) was adminis-
grateful to John Collard for GST-PAK, K. Siminovitch and A. Abotered at various concentrations as described (Fischer et al., 1998).
for anti-WASP Abs, and J. Brugge for the anti-Vav2 Ab. C. K. is
supported by a fellowship from the Medical Research Council (MRC)
Proliferation and Cytokine Production of Canada. J. M. P. is supported by Amgen, grants from the MRC
Proliferation and cytokine production were performed as described and National Cancer Institute of Canada, and the Canadian Center
(Bachmaier et al., 2000). Purified lymph node T cells were stimulated for Excellence in Tumor Vaccination (CANVAC).
with either media alone, hamster anti-CD3e (clone 145-2C11), ham-
ster anti-CD28 (clone 37.51, PharMingen), and PMA or ionomycin
Received April 21, 2000; revised August 28, 2000.
(as indicated) at 378C for 24, 48, and 72 hr. Supernatant was used to
determine cytokine production using ELISA kits (R&D). Cell cultures
Referenceswere pulsed for 16 hr with 1 mCi 3H-labeled thymidine per well.
Bachmaier, K., Krawczyk, C., Kozieradzki, I., Kong, Y.Y., Sasaki, T.,
In Vivo Viral Infection and T Cell Cytotoxicity Oliveira-dos-Santos, A., Mariathasan, S., Bouchard, D., Wakeham,
Mice were inoculated with 2000 pfu LCMV-Armstrong via intrave- A., Itie, A., Le, J., Ohashi, P.S., Sarosi, I., Nishina, H., Lipkowitz,
nous injection. LCMV-specific CTL activity of spleen cells was deter- S., and Penninger, J.M. (2000). Negative regulation of lymphocyte
mined by a 51Cr-release assay as described (Zinkernagel et al., 1985). activation and autoimmunity by the molecular adaptor Cbl-b. Nature
EL-4 target cells were coated with LCMV peptide GP33-41 or a 403, 211–216.
nonspecific adenovirus peptide (AV) at a concentration of 1026 M Chambers, C.A., and Allison, J.P. (1999). Costimulatory regulation
and labeled with 400 mCi 51Cr. Target cells (1 3 104) were incubated of T cell function. Curr. Opin. Cell Biol. 11, 201–210.
with spleen effector cells at ratios of 90:1, 30:1, 3:1, 1:1, and 0.3:1,
Chiang, Y.J., Kole, H.K., Brown, K., Naramura, M., Fukuhara, S., Hu,and cytotoxicity was determined by 51Cr release. The percent-spe-
R.J., Jang, I.K., Gutkind, J.S., Shevach, E., and Gu, H. (2000). Cbl-bcific 51Cr release was calculated as:
regulates the CD28 dependence of T-cell activation. Nature 403,
216–220.[(experimental release 2 spontaneous release)
Fischer, K.D., Kong, Y.Y., Nishina, H., Tedford, K., Marengere, L.E.,3 100 / (total release 2 spontaneous release)]
Kozieradzki, I., Sasaki, T., Starr, M., Chan, G., Gardener, S., et al.
(1998). Vav is a regulator of cytoskeletal reorganization mediated
Immunocytometry
by the T-cell receptor. Curr. Biol. 8, 554–562.
Mouse necropsies, histology, immunocytometry, and FACS analy-
Geijsen, N., van Delft, S., Raaijmakers, J.A., Lammers, J.W., Collard,ses were as described (Bachmaier et al., 2000). For FACS analysis,
J.G., Koenderman, L., and Coffer, P.J. (1999). Regulation of p21racsingle-cell suspensions of thymi, lymph nodes, and spleens were
activation in human neutrophils. Blood 94, 1121–1130.stained with FITC-, PE-, or biotin-conjugated Abs reactive to Thy1.2,
CD3e, TCRab, TCRgd, CD4, CD8, CD25, CTLA4, CD28, CD95 (FAS), Grakoui, A., Bromley, S.K., Sumen, C., Davis, M.M., Shaw, A.S.,
Allen, P., and Dustin, M.L. (1999). The immunological synapse: aCD5, CD44, CD45, CD69, CD11a (LFA-1), CD11b (Mac-1), CD23,
B220, CD43, sIgM, sIgD, CD19, or Gr-1 (all Abs were from Phar- molecular machine controlling T cell activation. Science 285,
221–227.Mingen). Biotinylated Abs were visualized using streptavidin-
Cbl-b Is a Gatekeeper of Receptor Clustering
473
Holsinger, L.J., Graef, I.A., Swat, W., Chi, T., Bautista, D.M., David- and content of the peripheral lymphoid compartment. Immunity 3,
521–530.son, L., Lewis, R.S., Alt, F.W., and Crabtree, G.R. (1998). Defects in
actin-cap formation in Vav-deficient mice implicate an actin require- Wulfing, C., and Davis, M.M. (1998). A receptor/cytoskeletal move-
ment for lymphocyte signal transduction. Curr. Biol. 8, 563–572. ment triggered by costimulation during T cell activation. Science
282, 2266–2269.Joazeiro, C.A., Wing, S.S., Huang, H., Leverson, J.D., Hunter, T.,
and Liu, Y.C. (1999). The tyrosine kinase negative regulator c-Cbl Zhang, J., Shehabeldin, A., da Cruz, L.A., Butler, J., Somani, A.K.,
as a RING-type, E2-dependent ubiquitin-protein ligase. Science 286, McGavin, M., Kozieradzki, I., dos Santos, A.O., Nagy, A., Grinstein,
309–312. S., et al. (1999). Antigen receptor-induced activation and cytoskele-
tal rearrangement are impaired in Wiskott-Aldrich syndrome protein-Keane, M.M., Ettenberg, S.A., Nau, M.M., Banerjee, P., Cuello, M.,
deficient lymphocytes. J. Exp. Med. 190, 1329–1342.Penninger, J., and Lipkowitz, S. (1999). cbl-3: a new mammalian cbl
family protein. Oncogene 18, 3365–3375. Zinkernagel, R.M., Leist, T., Hengartner, H., and Althage, A. (1985).
Susceptibility to lymphocytic choriomeningitis virus isolates corre-Kim, A.S., Kakalis, L.T., Abdul-Manan, N., Liu, G.A., and Rosen, M.K.
lates directly with early and high cytotoxic T cell activity, as well as(2000). Autoinhibition and activation mechanisms of the Wiskott-
with footpad swelling reaction, and all three are regulated by H-2D.Aldrich syndrome protein. Nature 404, 151–158.
J. Exp. Med. 162, 2125–2141.Levkowitz, G., Waterman, H., Ettenberg, S.A., Katz, M., Tsygankov,
A.Y., Alroy, I., Lavi, S., Iwai, K., Reiss, Y., Ciechanover, A., et al.
(1999). Ubiquitin ligase activity and tyrosine phosphorylation under-
lie suppression of growth factor signaling by c-Cbl/Sli-1. Mol. Cell
4, 1029–1040.
Lupher, M.L., Jr., Rao, N., Eck, M.J., and Band, H. (1999). The Cbl
protooncoprotein: a negative regulator of immune receptor signal
transduction. Immunol. Today 20, 375–382.
Miyake, S., Lupher, M.L., Jr., Druker, B., and Band, H. (1998). The
tyrosine kinase regulator Cbl enhances the ubiquitination and degra-
dation of the platelet-derived growth factor receptor alpha. Proc.
Natl. Acad. Sci. USA 95, 7927–7932.
Monks, C.R., Kupfer, H., Tamir, I., Barlow, A., and Kupfer, A. (1997).
Selective modulation of protein kinase C-theta during T-cell activa-
tion. Nature 385, 83–86.
Monks, C.R., Freiberg, B.A., Kupfer, H., Sciaky, N., and Kupfer, A.
(1998). Three-dimensional segregation of supramolecular activation
clusters in T cells. Nature 395, 82–86.
Moran, M., and Miceli, M.C. (1998). Engagement of GPI-linked CD48
contributes to TCR signals and cytoskeletal reorganization: a role
for lipid rafts in T cell activation. Immunity 9, 787–796.
Murphy, M.A., Schnall, R.G., Venter, D.J., Barnett, L., Bertoncello,
I., Thien, C.B., Langdon, W.Y., and Bowtell, D.D. (1998). Tissue hy-
perplasia and enhanced T-cell signalling via ZAP-70 in c-Cbl-defi-
cient mice. Mol. Cell. Biol. 18, 4872–4882.
Naramura, M., Kole, H.K., Hu, R.J., and Gu, H. (1998). Altered thymic
positive selection and intracellular signals in Cbl-deficient mice.
Proc. Natl. Acad. Sci. USA 95, 15547–15552.
Penninger, J.M., and Crabtree, G.R. (1999). The actin cytoskeleton
and lymphocyte activation. Cell 96, 9–12.
Schwartz, R.H. (1990). A cell culture model for T lymphocyte clonal
anergy. Science 248, 1349–1356.
Shaw, A.S., and Dustin, M.L. (1997). Making the T cell receptor go
the distance: a topological view of T cell activation. Immunity 6,
361–369.
Snapper, S.B., Rosen, F.S., Mizoguchi, E., Cohen, P., Khan, W., Liu,
C.H., Hagemann, T.L., Kwan, S.P., Ferrini, R., Davidson, L., et al.
(1998). Wiskott-Aldrich syndrome protein-deficient mice reveal a
role for WASP in T but not B cell activation. Immunity 9, 81–91.
Su, B., Jacinto, E., Hibi, M., Kallunki, T., Karin, M., and Ben-Neriah,
Y. (1994). JNK is involved in signal integration during costimulation
of T lymphocytes. Cell 77, 727–736.
Suzuki, H., Kundig, T.M., Furlonger, C., Wakeham, A., Timms, E.,
Matsuyama, T., Schmits, R., Simard, J.J., Ohashi, P.S., Griesser, H.,
et al. (1995). Deregulated T cell activation and autoimmunity in mice
lacking interleukin-2 receptor beta. Science 268, 1472–1476.
Turner, M., Mee, P.J., Walters, A.E., Quinn, M.E., Mellor, A.L., Za-
moyska, R., and Tybulewicz, V.L. (1997). A requirement for the Rho-
family GTP exchange factor Vav in positive and negative selection
of thymocytes. Immunity 7, 451–460.
Viola, A., Schroeder, S., Sakakibara, Y., and Lanzavecchia, A. (1999).
T lymphocyte costimulation mediated by reorganization of mem-
brane microdomains. Science 283, 680–682.
Willerford, D.M., Chen, J., Ferry, J.A., Davidson, L., Ma, A., and Alt,
F.W. (1995). Interleukin-2 receptor alpha chain regulates the size
